Abstract. Plant traits that improve crop water use efficiency are highly sought after but difficult to isolate. Here, we examine the integrated function of xylem and stomata in closely related forage grasses to determine whether quantitative differences in water transport properties could be used to predict plant performance under limited water conditions. Cultivars of two forage grass species with different drought tolerance ratings, Lolium multiflorum Lam. and Festuca arundinacea Schreb., were assessed for maximum hydraulic conductivity (K max ), vulnerability of xylem to hydraulic dysfunction (P 50 ) and stomatal sensitivity to leaf water potential. Species-specific differences were observed in several of these traits, and their effect on whole-plant performance was examined under well-watered and restricted watering conditions. It was shown that although P 50 was comparable between species, for F. arundinacea cultivars, there was greater hydraulic risk associated with reduced stomatal sensitivity to leaf hydration. In contrast, L. multiflorum cultivars expressed a higher capacity for water transport, but more conservative stomatal regulation. Despite different susceptibilities to leaf damage observed during acute drought, under the sustained moderate drought treatment, the two strategies were balanced in terms of water conservation and hydraulic utilisation, resulting in similar dry matter production. Characterisation of water use patterns according to the key hydraulic parameters is discussed in terms of implications to yield across different environmental scenarios as well as the applicability of water transport related traits to breeding programs.
Introduction
Improving crop performance in water-limited environments remains a major challenge for future food security, particularly in view of the increasing costs and competition for irrigation water, further relocation of agriculture to drier areas due to population growth, and the uncertainties posed by climate change. Although the advance in molecular technologies has the potential to accelerate the development of drought-adapted cultivars (Reynolds and Tuberosa 2008) , the underlying basis for what constitutes a viable target for selection remains unclear. This is despite substantial physiological research into understanding the response of plants to drought and genetic variation in these responses (e.g. Chaves et al. 2003; Neumann 2008) .
Much research has been undertaken to identify plant traits that confer an advantage under limited water availability. In pasture grasses, drought resistance is often assessed as the ability to maintain green leaf area or continued leaf extension (Humphreys and Thomas 1993; Carrow 1996; Humphreys et al. 1997; Richardson et al. 2008; Wang and Bughrara 2008) , to use the least absolute amount of water or continue transpiring for the longest (Zhao et al. 1994; Zhou et al. 2009) , to maintain leaf hydration (Volaire and Thomas 1995) and to recover on rewatering (Norris and Thomas 1982) . These observations have been associated with traits such as low maximal stomatal conductance (Wilson 1975 : Thomas 1986 , a large root system (Garwood and Sinclair 1979; Huang et al. 1997; , osmotic adjustment Evans 1989, 1991; DaCosta and Huang 2006) and summer dormancy (Nie and Norton 2009) . High water use efficiency (WUE) has also been selected for directly, under the assumption that water conservation will confer drought resistance (Johnson et al. 1990 (Johnson et al. , 2003 Jensen et al. 2002; Ebdon and Kopp 2004) . However, species and cultivars considered drought-resistant or that display high WUE are not, in all cases, the most productive under both well-watered and water deficit conditions. Inconsistencies in the adaptive value of water use traits are likely to reflect the different strategies associated with drought resistance, namely tolerance and avoidance strategies (Levitt 1972) , which are suggested to carry costs and benefits optimised to a given environmental scenario (Tardieu 2005) . Avoidance represents the ability to alleviate the stress effects of water deficit conditions, through, for example, growing long roots to access deep water or through restricting water loss by closing stomata; tolerance represents the ability to maintain growth and survival under the influence of water stress. For example, dormancy would be considered a tolerance mechanism, which allows for the survival of Mediterranean dry summers, but at the cost of dry matter production. The large root system of Festuca arundinacea Schreb. and the ability to extract water deep in the soil has been suggested to confer a dry matter advantage over its close relative Lolium multiflorum Lam. under water limited conditions (Garwood and Sinclair 1979; Durand et al. 2007; Nie et al. 2008) , but under well-watered conditions, L. multiflorum displays higher growth rates (Norris and Thomas 1982; Thomas et al. 2003) .
Here we use the Lolium-Festuca complex to investigate how water transport relates to whole-plant function to explain differences in productivity under well-watered and water limited conditions. This is the first time in a commercial crop plant that such an integrated approach has been used. The function and regulation of the water transport system are investigated according to the basic need to maintain a stable water supply to leaves for gas exchange and therefore carbon fixation . The physiological basis for this relationship is supported by empirical observations showing xylem hydraulic conductivity, a physical parameter derived from xylem anatomy and hydraulic architecture (Sack and Frole 2006; Nardini et al. 2008; Brodribb and Feild 2010) , is positively correlated with stomatal conductance, transpiration and photosynthetic capacity (Brodribb and Feild 2000; Hubbard et al. 2001; Meinzer 2002) . In further support of hydraulic and biochemical coordination, Maherali et al. (2008) found positive genetic covariation between hydraulic conductivity and assimilation in Avena barbata Pott. ex. Link. Under drying soil, however, hydraulic transport is susceptible to dysfunction, with the generation of large tensions in the xylem as leaf water potentials (Y leaf ) fall (Tyree and Sperry 1989) . When this occurs, hydraulic conductance rapidly declines, compromising the capacity of the plant to transpire, which leads to eventual plant death by desiccation (Sperry 2000; Sperry et al. 2002) . In grasses where 65% of hydraulic resistance resides in the leaf (Martre et al. 2001) , hydraulic properties of the leaf blade are likely to determine growth and survival.
The vulnerability of the hydraulic pathway to dysfunction is typically assessed as the tension required to cause a 50% decline in hydraulic conductance (P 50 ). In leaves (Blackman et al. 2009; Brodribb and Cochard 2009 ) and stems (Resco et al. 2009 ) loss of hydraulic conductance has been linked to plant survival; more generally, P 50 has been shown to be adaptive across broad taxonomic groups in relation to gradients in water availability (Brodribb and Hill 1999; Pockman and Sperry 2000; Maherali et al. 2004; Kursar et al. 2009 ). This suggests that species that are capable of maintaining functional xylem conduits under increasingly negative Y leaf have a higher chance of survival, probably because they are able to extract water from the soil and thereby prevent dehydration of their leaves and meristems. As P 50 is a function of the anatomy of non-living xylem cells (Hacke et al. 2001) , it cannot be modified after leaf expansion. However, the sensitivity of stomatal closure to declining Y leaf is an important moderator of how quickly declines in hydraulic conductivity occur (Sperry et al. 2002) , and therefore the reversibility of diurnal dehydration.
Stomatal closure generally pre-empts significant loss of hydraulic conductivity, and the gap between Y leaf at 95% stomatal closure and P 50 provides an indication of the hydraulic safety margin (Brodribb and Holbrook 2004; Sack and Holbrook 2006) . The magnitude of the safety margin has been show to vary between -1.35 MPa (monocotyledon; Holloway-Phillips and Brodribb 2011) and +9.1 MPa (conifer; Brodribb and Cochard 2009 ). This variation may reflect the requirements for hydraulic recovery, and therefore the risks to growth and survival, as a result of the different mechanisms associated with hydraulic dysfunction (Zwieniecki and Holbrook 2009) . In conifers displaying a large safety margin, for example, the transition from recoverable to non-recoverable water deficit has been shown to be rapid once 50% hydraulic loss has been transgressed (Brodribb and Cochard 2009 ). But for angiosperms displaying a narrow safety margin, a near complete loss of hydraulic conductivity can be incurred before plant death ensues (Blackman et al. 2009 ).
Differences in stomatal regulation therefore reflect the tradeoff between utilising the carbon investment in constructing resistant xylem and the risk of permanent damage from regulating too close to the functional limits where growth is non-recoverable. In this regard, Sperry et al. (2002) suggests that plants coordinate their hydraulic capacity to match their mode of water use regulation and, furthermore, that this is achieved with minimum investment in roots and xylem cavitation resistance (both carbon costly) in order to optimise the delivery system with spatial and temporal soil water availability in the given environment.
As a framework for understanding the carbon-water balance during drought stress, plant hydraulics can inform (1) the capacity to assimilate and therefore potential for biomass production (maximum hydraulic conductivity, K max ), (2) drought tolerance limits (P 50 ), and (3) the trade-off between carbon gain and the risk of plant death during drought stress, as expressed by the hydraulic safety margin. Our aim in this study was to investigate how these three characteristics relate to observations of water use and dry matter production, and whether improved WUE and productivity were mutually exclusive between closely related forage grass species exposed to progressive soil dry-down and two sustained watering levels. Species of the Festuca-Lolium complex were chosen because their chromosomes share sufficient homology to pair and recombine, providing much opportunity for the breeding of model genotypes as major gene complexes are easily traceable through introgression mapping (Humphreys et al. 2005) . Within the literature, L. multiflorum is generally considered droughtsensitive, whereas F. arundinacea, especially varieties expressing summer dormancy, are considered drought-tolerant (Humphreys 1989; Thomas et al. 2003) , demonstrating a greater capacity to extract water (Durand et al. 2007) , maintain green leaf area (Humphreys and Thomas 1993) and persist between seasons (Nie et al. 2008; Nie and Norton 2009) . The four cultivars selected included two annual varieties of L. multiflorum, cultivars Barberia (a landrace from Morocco) and Feast, and two varieties of F. arundinacea, cultivars Flecha (Mediterranean, incomplete summer dormancy) and Quantum (European, summer-active).
Materials and methods

Growing conditions and establishment
The experiment was conducted in a controlled glasshouse environment (14 h days at 20 : 10 C day : night), with unfiltered natural light supplemented with sodium vapour lamps to ensure a minimum of 300-500 mmol quanta m -2 s -1 at the leaf surface throughout the day period. Relative humidity was maintained at 30-50% by a dehumidifier with integrated humidity sensors (Model SeccoUltra 00563, Olimpia-Splendid, Gualtieri, Italy).
Four cultivars of the Lolium-Festuca complex were selected to provide a range of responses to soil water deficit. These included the drought-sensitive Lolium multiflorum Lam. cultivars Barberia (a North African diploid) and Feast (a latematuring tetraploid), and two Festuca arundinacea Schreb. cultivars, Flecha (Mediterranean, incomplete summer dormancy; drought-resistant) and Quantum (European, summer-active; moderately drought-tolerant). Seeds were germinated in seedling trays in a combination of potting mix and pea gravel before being transplanted to 3.7-L pots (24 cm deep with a 15 cm diameter), packed to a consistent weight with sandy-loam soil (particle composition: 85% sand, 12% clay and 3% silt). To transplant, the roots were cut to 3 cm and washed to remove any remaining potting mix, and the leaf material above a standing height of 5 cm was cut.
In six pots of each cultivar, one WatermarkÔ soil moisture sensor (Irrometer Co. Inc., Riverside, CA, USA) granular matrix reading soil water tension in the range of 0-200 KPa) was embedded halfway down the pot in a silica slurry to ensure good connection with the soil, and back-filled with the removed soil. Sensors were connected to a Hansen AM 400 Soil Moisture Data Logger with Graphic Display (M.K. Hansen Co., East Wenatchee, WA, USA), which recorded data at 20-min intervals. Plants were kept fully watered until the commencement of the water deficit treatments.
At the start of the experiment, the soil nutrient status was 27.6 mg kg -1 P (Olsen extraction), 71 mg kg -1 K (Colwell extraction) and 26.5 mg kg -1 S (KCl extraction, with a pH of 6.1 (H 2 O). All nutrient levels are considered optimal for pasture growth except for potassium, where the recommended level is 139 mg kg -1 K (Gourley et al. 2007 ). Muriate of potash was applied to pots at a rate of 136 kg ha -1 (0.29 g per pot) in order to raise the K soil status. During the establishment phase, on the completion of the third leaf expanding, plants were cut to 5 cm and urea applied at a rate of 46 kg N ha -1 . Two watering strategies were employed in the subsequent experiments, each using a different cohort of plants: (1) withholding water from pots to monitor the progression of gas exchange and leaf water potential with soil drying, with rewatering at a soil water potential of -200 KPa to assay dieback of leaves and regrowth capacity, and (2) restricted watering by pot weight maintenance to examine daily water use and dry matter production.
Dry-down with recovery
Plants were arranged in a randomised design, with three plants per cultivar (no sensors in pots) kept well watered throughout the duration of the experiment to act as controls, and six plants per cultivar (sensors in pots) progressively dried down to a maximum reference soil water tension of -200 KPa (as registered by the soil moisture sensors). Well-watered plants were maintained at a pot weight equivalent to -10 KPa, which is generally considered as field capacity. The relationship between pot weight and soil water potential was established previously in pots with sensors. Due to the time sensitivity of measurements, the experiment was conducted with L. multiflorum first and then F. arundinacea, with the drydown phase for the two groups completed within 4 weeks.
Stomatal closure in response to declining leaf water potential
During the dry-down phase, gas exchange parameters including assimilation (A), stomatal conductance (gs) and transpiration (E) were measured almost daily using a portable gas analyser (Li-6400; Li-Cor, Lincoln, NE, USA), with a light intensity of 1000 mmol quanta m -1 s -1 at a target air temperature of 20 C and vapour pressure deficit (VPD) of 1.5 KPa. The three youngest fully expanded leaves per pot were sampled intact, and the results were corrected for leaf area. Measurements were made between 1100 hours and 1400 hours, including midday leaf water potential (Y MD ), which was taken directly after gas analysis.
For the determination of Y leaf , two leaves of each plant were removed and placed in a humidified bag for immediate measurement using a Scholander pressure bomb (Model 615, PMS Instrument Co., Albany, OR, USA). Once leaves had reached approximately -3 MPa, the live portion of the leaf was quite minimal and easily damaged during measurement, which is a common problem in ryegrass (Thomas 1987 (Thomas , 1991 Clark et al. 1999) . When this point was reached, Y leaf was estimated according to the relationship between leaf relative water content (RWC %) and 1 Y leaf -1 , where leaf turgid weight was calculated from the relationship of leaf dry weight to turgid weight (data not shown).
Proportion of dieback at a reference soil water deficit and subsequent dry matter recovery
At the maximum measureable soil water tension of -200 KPa, plants were rewatered to field capacity by placing the pot in a shallow tray and left to draw water from the bottom of the pot until field capacity had been attained. After 24 h, plants were cut at a standing height of 5 cm and the leaf material separated according to dead and live tissue (assessed by colour; brown = dead) and dried for at least 24 h at 60 C in a forced draught oven to assess dieback (g dry matter (DM)).
During the recovery growth phase, pots were weighed every second day and watered from the top to maintain field capacity. After the expansion of three live leaves (one regrowth period), plants were cut again and the total leaf tissue was dried and weighed for assessment of recovery growth capacity.
Maintained soil water levels
To assess the impact of water deficits on WUE and dry matter production, three plants per cultivar were maintained according to a pot weight at which the majority of plants had closed stomata (4850 g, identified in the previous dry-down experiment and henceforth referred to as the water deficit treatment) and three plants per cultivar at field capacity (5550 g, henceforth referred to as the well-watered treatment). Midday transpiration, assessed by weighing pots at 1100 hours and 1300 hours daily, and leaf gas exchange and Y MD , both assessed every 3-4 days, were used to corroborate the previous stomatal closure points. Foil was placed on top of the soil surface and around the base of the tillers, and the pot was double-bagged to ensure water loss was attributed to transpiration only.
Once a pot had reached the predefined weight, pots were individually weighed and watered back up to the target weight after 1700 hours each day. Water was applied down a 2.5-cm wide plastic pipe that was inserted 2 cm into the soil. This method was used to avoid preferential flow down the side of the pots, as well as to ensure that water uptake was only via the roots and not through direct contact with the leaf or tiller bases. The plastic pipe was capped to prevent water loss via soil evaporation. All cultivars were assessed at the same time, with pots arranged in a randomised design. To ensure time for plant adjustment, plants were pre-treated at the target weight for one regrowth cycle before being cut and the measurement period commenced for the duration of another regrowth cycle.
Pressure-volume curves
Towards the end of the sustained watering cycle, leaf turgor loss and leaf capacitance were assessed on the well-watered plants of each cultivar by constructing pressure-volume (PV) curves using three leaves per cultivar replicate (Tyree and Hammel 1972) . Leaves were cut at the leaf-sheath intersection before being bagged and recut at the distal end under water to leave only a small amount of leaf area in direct contact with water. Leaves were sampled at dusk and allowed to rehydrate over night before PV determination. Leaf weight and water potential were measured periodically during slow desiccation of sample leaves in the laboratory. The turgor loss point was located at the inflection point of the 1 Y leaf -1 versus RWC curve. Using this value in the relationship of Y leaf versus RWC, leaf capacitance was determined by fitting linear regressions on both sides of the inflection point. The capacitance slopes before and after turgor loss were averaged across the treatments to take into account the use of both well-watered and water deficit plants used in the construction of the vulnerability curve. Construction of the vulnerability curve requires that leaf capacitance in the calculation of leaf hydraulic conductivity (K leaf ) must be expressed in absolute terms and normalised by leaf area (Brodribb and Holbrook 2003) . This was determined by multiplying the capacitance calculated from the PV curve by the ratios of leaf DW : leaf area and saturated mass of water : leaf DW, which were averaged across all plants:
where DW is leaf dry weight (g), LA is leaf area (m 2 ), WW is the mass of leaf water at 100% RWC (g) and M is the molar mass of water (18 g mol -1 ).
Leaf gas exchange, whole-plant diurnal transpiration and WUE Gas exchange and Y MD were assessed on well-watered and water deficit plants twice during the measurement regrowth cycle. Whenever leaves were destructively harvested during the regrowth cycle, they were dried and weighed, and added to the total dry matter production at the end of the experiment.
The day before plants were cut for dry matter yield determination, a diurnal series of whole-plant E was measured by weighing pots every hour between 0530 hours and 1830 hours to an accuracy of AE0.01 g (Mettler-Toledo PG5002-S, Mettler-Toledo Inc., Greifensee, Switzerland). Plant E was calculated by the loss of weight of each plant between measurements divided by the total leaf area. Leaf area was determined for each plant by taking a mixed subsample of leaves after being cut, and the relationship between DM and leaf area was used to calculate leaf area of the whole plant.
Leaf tissue (>5 cm above the soil) was harvested from plants and leaf DM yield per plant was determined after drying samples. WUE was calculated according to leaf DM per plant (g) per total water applied (mL).
Leaf vulnerability (K leaf )
The response of K leaf to Y leaf was assessed according to the method of Brodribb and Holbrook (2003) , where K leaf is calculated from the kinetics of Y leaf relaxation in leaves rehydrated through the tiller base. Three plants at various initial hydration states were used to construct the curve for each cultivar. Individual tillers were removed with roots intact and allowed to further dry on the laboratory bench at 25 C for different periods (1 min up to 6 h) before being placed in a sealed plastic bag for~1 h to minimise variation in water potential between leaves. Initial Y leaf was then determined by measuring leaves subtending the youngest fully expanded leaf (YFEL); where equilibrium Y leaf between leaves could not be obtained in severely desiccated tillers, half of the YFEL was sampled before rehydration. The tiller base was then cut under water, taking care not to wet the leaf itself, and the shoot allowed to rehydrate between 30 s and 4 min, depending on the initial Y leaf . The remaining leaf was then cut at the leaf sheath junction and immediately placed in a humidified bag for measurement of final Y leaf . K leaf was calculated from the ratio of initial to final Y leaf and the leaf capacitance, and corrected for the viscosity of water at 20 C:
where Y 0 = initial water potential (MPa); Y f = final water potential (MPa); t = duration of rehydration (s); C leaf = leaf capacitance (mmol m -2 MPa -1 ). The relationship between Y leaf and K leaf was plotted and a sigmoidal regression of the form,
-1 was fitted to the data with leaf xylem vulnerability referenced at 50% K leaf (denoted P 50 ). To assess the degree of xylem protection against loss of hydraulic conductance afforded by stomatal closure, the hydraulic safety margin between stomatal closure and the depression in K leaf was calculated. This was defined as the difference between the Y leaf at P 50 , and the Y leaf where stomatal conductance first reached a minimum and did not appear to decline substantially further with Y leaf , which was determined during the withholding of water from pots. This definition was preferred to a set stomatal closure point of 95%, due to epidermal conductance potentially being a large portion of conductance measured at the tail end of the observed stomatal range.
Statistics
Logistic curves of the form y
-1 were fitted to the relationships between K leaf and Y leaf , and between gs and Y leaf using 'proc nlmixed' procedures from the SAS statistical package, version 9.1 (SAS Institute Inc., Cary, NC, USA) and graphed using Sigmaplot (SPSS Inc., Chicago, IL, USA). A log-likelihood ratio Chi-square test was used to compare nested models for the purpose of selecting the most parsimonious model. The P-value for model selection was derived from the difference in the -2 log-likelihood statistics between two models, assuming Chi-square distribution with degrees of freedom given by the difference in the number of parameters between models. Where there was no significant difference, the reduced model was selected. Akaike's Information Criterion (AIC) (Akaike 1974) and biological reasonableness was used to distinguish between non-nested models. The coefficient of determination (R 2 ) was used to indicate the level of variance explained by the model and was expressed as:
where SS error = residual sum of squares and SS total = uncorrected total sum of squares for nonlinear models without an intercept. Parameter estimates including P 50 , 90% loss of gs (stomatal closure) and K max were derived using SAS procedures with corresponding standard errors approximated using the delta method (Billingsley 1986 ). DM production and proportional comparisons, WUE and dieback data were analysed for cultivar and water treatment effects using the ANOVA procedures within 'proc mixed' with plant replicates assigned a random effect. In the case of biomass produced after drought and WUE, log-transformation was used to remove skew in the distribution of the data, and leastsquares means back-transformed for reporting of estimates. Where a significant effect was detected, Tukey-Kramer (Kramer 1956 ) was used for pairwise comparisons and significance accepted when P < 0.05. Linear regressions performed using 'proc reg' were applied to the analysis of PV data and the relationship between DM production and cumulative water use.
Results
Withholding water from pots resulted in a rapid decline in soil water content, with the reference stress level of -200 KPa reached by approximately Day 13 (Fig. 1) . Transpiration similarly declined over time due to stomatal closure which occurred in all species when Y leaf was < -1 MPa (Fig. 2a) . However, Y leaf at complete stomatal closure, defined as 90% loss of gs (Fig. 2b) , varied between species (Table 1) . No consistent difference between F. arundinacea and L. multiflorum was observed for total DM production at the end of a single dry-down treatment (Table 2 ). However, in terms of the proportion of biomass dead, F. arundinacea cultivars had lost~50% to drought-induced dieback compared with~30% in L. multiflorum cultivars (Table 2) . After a post-drought regrowth of 40 days, differences in the recovered yield were apparent between the cultivars; however, as a proportion of biomass produced by control plants (which had not undergone any water stress), most plants exceeded the yield of unstressed controls after drought treatment (Table 2) . Therefore, although there was a difference in species susceptibility to dieback, this did not affect the viability of plants to regrow to their inherent potential from the level of water deficit imposed. In terms of the intrinsic drought tolerance of leaves, there was little variability in xylem sensitivity to hydraulic dysfunction, with water potentials required to induce 50% loss of hydraulic conductivity (P 50 ) ranging from 1.03 to 1.14 MPa (Table 3) . However, in terms of water use regulation, F. arundinacea cultivars were significantly less sensitive to leaf water potential than L. multiflorum cultivars ( Table 1) . As a result, F. arundinacea cultivars closed stomata after the point where hydraulic conductivity (K leaf ) had substantially declined, resulting in large negative safety margins (Table 3 ; Fig. 3) . A similar pattern was observed for the relationship between stomatal closure and the turgor loss point (TLP) ( Table 1 ), indicating that F. arundinacea operated closer to (and, to some extent, beyond) the functional Y leaf limits compared with L. mutliflorum, which was far more conservative in this regard.
Maximum hydraulic efficiency (K max ) in well-watered plants was higher in L. multiflorum than in F. arundinacea, as were maximal gs rates (Table 3) . However, at the whole-plant level, there were only small differences in diurnal E patterns (Fig. 4a ) and no significant difference in DM production under the wellwatered condition (Table 4) . 
Contrasting hydraulic regulation and water use Functional Plant Biology
Under the water deficit treatment, a general reduction in diurnal E (Fig. 4b) caused a reduction in water use of 37-60% (Table 4) . After midday especially, L. multiflorum closed stomata to a greater degree than F. arundinacea (Fig. 4c) , resulting in a significant increase in WUE of L. multiflorum compared with the well-watered condition (Table 4) . F. arundinacea, in comparison, maintained similar rates of WUE under both soil water treatments (Table 4) .
Although mean production was significantly lower in plants grown under the water deficit treatment compared with wellwatered plants, differences in production between individual cultivars was non-significant. This is likely to be due to large variability in the water use-growth relationship between replicates of cultivars exposed to water deficit conditions. Therefore, although there was an overall slope change between the well-watered and water deficit plants, the increase in WUE under the water-deficit treatment was at the risk of reductions in biomass production (Fig. 5) .
Discussion
Differing hydraulic strategies for limited water environments
The water transport system has been used in the current study to investigate how the integrated function of xylem and stomata influence water use and DM production under soil water deficits, and the resulting effect on WUE in two important forage grass species that are considered to differ in their capacity to survive and grow during drought. The water transport traits assessed included the plants' ability to resist hydraulic dysfunction (P 50 ) -a measure of drought tolerance -and the sensitivity of stomata to leaf water status, indicative of the potential to avoid desiccation.
Drought tolerance
Based on the fact that F. arundinacea is considered to be more drought-resistant than L. multiflorum, it was expected that the F. arundinacea cultivars would have a greater ability to resist hydraulic dysfunction. However, the variation in P 50 was minimal between the two species, with a 50% decline in hydraulic conductivity occurring at a Y leaf ranging between -1.03 and -1.14 MPa (Table 3; Fig. 3) .
Within other Poaceae species, intraspecific variation in P 50 has been observed and, in some cases, related to drought performance (Neufeld et al. 1992; Li et al. 2009 ) but not in others (Cochard 2002; Stiller et al. 2003) . Greater interspecific rather than intraspecific variation in P 50 may be due to the potential carbon trade-offs associated with increased xylem resistance to hydraulic dysfunction (Domec and Gartner 2003; Cochard et al. 2007 ). The increased carbon costs associated with water stress resistant xylem suggests that adaptation is less likely than plastic, reversible allometric adjustments, which allow for greater matching of environmental constraints and climatic variability (Martinez-Vilalta et al. 2009; Nicotra and Davidson 2010) . Although the evidence is not definitive and a larger interspecific study is required, it is interesting to note that the Mediterranean accession Flecha uses dormancy as opposed to improved tolerance in order to survive an extended drought period. Selection for drought avoidance over tolerance mechanisms has also been noted in rice (Oryza sativa L.) (Kamoshita et al. 2008) and concluded by Blum (2005) in an appraisal of water use strategies for drought-prone environments.
Within the spectrum of plant form and ecological gradients (Brodribb and Holbrook 2004; Blackman et al. 2010) , herbaceous grasses could be considered the most extreme in terms of sensitivity to hydraulic dysfunction. However, in view of the relatively cheap construction of the grass plant compared with woody counterparts, the maintenance of hydraulic continuum may not be as imperative in the short-term. In a recent study with Lolium perenne L., assimilation remained maximal until >70% of hydraulic conductivity had been lost; furthermore, 95% loss of K leaf could be incurred before recovery of gas exchange exceeded 1 day (Holloway-Phillips and Brodribb 2011). Therefore, increased investment in xylem construction may be redundant and carbon costly depending on the level of drought stress.
Drought avoidance
Stomatal closure is important in regulating water use and therefore WUE, which, unlike P 50 , varied substantially between the two species, with stomatal closure in F. arundinacea cultivars occurring at more negative Y leaf than L. multiflorum cultivars (Table 1) . Under the sustained water deficit treatment, this resulted in greater restrictions to E after midday, when water stress would have been greatest, in L. multiflorum compared with F. arundinacea (Fig. 4b) . Furthermore, L. multiflorum displayed a significant adjustment in WUE under the water-deficit treatment compared with the wellwatered situation as a result of more conservative stomatal regulation, whereas the WUE of F. arundinacea remained similar between the two conditions ( Table 4) .
The relationship between stomatal closure and hydraulic dysfunction has been related to the requirements for hydraulic recovery, and therefore the risks to growth and survival (Zwieniecki and Holbrook 2009) . The less sensitive stomatal regulation of F. arundinacea resulted in a considerable negative safety margin, with stomata closing beyond the Y leaf where 50% loss of hydraulic conductivity had occurred (Table 3 ; Fig. 3) . A similar pattern was observed with respect to the difference between the Y leaf at stomatal closure and the TLP (Table 1) , with a negligible gap for F. arundinacea, suggesting this species regulates plant water status closer to its functional limits. This apparently risky strategy was evident during the progressive dry-down of plants, which, for F. arundinacea, resulted in a larger loss of biomass through dieback (Table 2 ). However, under the maximum stress imposition of -200 KPa, species susceptibility to dieback did not affect the viability of plants to regrow to their inherent potential with no significant difference in DM production observed after having been rewatered (Table 2) . The conservative stomatal regulation of L. multiflorum cultivars is likely to be a useful strategy for buffering leaf water status where summer rainfall is intermittent, by preventing foliage desiccation during dry spells and rapid utilisation of rainfall events through reducing hydraulic recovery times. Conversely, under non-restricted rooting conditions, where stored soil water is available, prolonged stomatal opening by F. arundinacea under drying conditions may provide a benefit if the additional carbon gain is directed to root growth (Huang and Fu 2000) or carbohydrate storage, which has been shown to be important as a source of energy during drought recovery (Volaire 1995; Volaire and Lelievre 1997) . Under a mixed cropping situation, F. arundinacea is likely to have greater access to soil water under drying conditions and outcompete L. multiflorum. However, under high porosity soils such as the sandy-loam soil used in this study, due to the flat gradient in water content versus soil water potential at the dry end of the scale (Fig. 1) , the differences in stomatal regulation may be less obvious.
Trading yield potential for drought resistance
The challenge for breeders in selecting for reduced plant water use for drought adaptation is the concomitant restrictions to carbon fixation. Accepting this will always be a limitation; however, the focus is being shifted to selecting for plants with a higher degree of plasticity so that in good rainfall years, growth potential is not limited and, in dry years, survival is ensured (Nicotra and Davidson 2010) . Maximum gs and A have been correlated with hydraulic efficiency (K max ), and therefore a key factor in the capacity to accumulate biomass (Fichot Laurans et al. 2009 ). Our data from forage grasses confirmed this pattern, with K max found to increase with maximum rates of gs (Table 3 ). The higher K max of L. multiflorum compared with F. arundinacea is likely to be an important means of buffering leaf water potential against changes in evaporative demand due to the sensitivity of stomatal regulation to Y leaf to ensure carbon assimilation is not constrained under high VPD conditions (Maherali and DeLucia 2000; Maherali and DeLucia 2001; Bhaskar et al. 2007) . In terms of aboveground biomass, however, there was no correlation with hydraulic capacity, with no significant difference in DM production observed between the species (Table 4) . Root mass was not measured in this study, and under the restricted rooting conditions of the pot, carbon demand may have been reduced. Root-shoot relations may therefore be important to understand when selecting for higher hydraulic capacity. The higher growth rates and DM production reported in Norris and Thomas (1982) is consistent, The relationship between dry matter production (g plant -1 ) and cumulated water transpired over one regrowth period for species Lolium multiflorum cultivars Barberia (diamond) and Feast (square), and Festuca arundinacea cultivars Quantum (circle) and Flecha (triangle). Open symbols represent plants grown under optimal soil water conditions and closed symbols are plants maintained at a soil water deficit. The linear regression of water deficit plants was significant (***, P < 0.001) but was non-significant (ns, P > 0.05) for well-watered plants. The R 2 for each of the regressions is shown. however, with predictions based on K max differences between the two species found in this study.
DM production was also not significantly different between species under the water deficit treatment (Table 4) , providing little evidence for a superior drought resistance strategy under the level of water deficit imposed, or evidence to suggest that either strategy resulted in a trade-off with productivity under well-watered conditions. However, the increase in WUE that was achieved by both species under the sustained water deficit treatment was at the cost of DM production (Fig. 5) . Within the forage grass literature, evidence of a production trade-off with WUE is inconclusive. On the basis of 13 C discrimination, Jensen et al. (2002) presented data suggesting that for L. perenne, low WUE under drought was related to high yields under both well-watered and water deficit conditions. In the same paper, however, a negative relationship between 13 C and DM yield was found for Dactylis glomerata L., but only at the driest watering level. Similar inconsistencies have been observed for different species and experimental conditions (Read et al. 1993; Johnson et al. 2003; Ebdon and Kopp 2004) . However, a general trend for decreasing yield with increasing WUE has been demonstrated (Johnson et al. 1990 ). Further work is required to determine the level of water deficit and the pattern of drought imposition under which a particular strategy confers a production advantage over the other.
Conclusion
The water transport system is provided as a framework in which to examine not only the consequence of water shortage but also production potential under well-watered conditions, and is hence proposed as a viable alternative to current physiological approaches in crop breeding programs. We have demonstrated that there is a mechanistic basis in grass species for such a framework, in particular the importance of P 50 and stomatal closure for understanding differences in water use and DM production, and therefore the consequence of improved WUE. Additional work is required to further understand how water transport traits are coordinated to influence root-shoot relationships, as well as the carbon costs associated with increasing drought tolerance through improved xylem resistance to hydraulic dysfunction. Greater characterisation of environmental constraints is also needed to aid interpretations of water use patterns for future designing of drought-adapted species. The only drawback in assessing water transport parameters is their extensive methodological requirements, especially for determination of P 50 . However, correlations with anatomical traits look promising for wider utilisation of this trait in screening programs (Cochard et al. 2008; Blackman et al. 2010) .
